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Summary 
Residues 17 and 18 in nef of SiVmac239 were changed 
from RQ to YE to create a translated sequence of SRP- 
SGDL~LRARGET~LGEVEDG~P from resl- 
dues 10-43. The YXXL motifs in this context match 
very well with consensus sequences for SH2 binding 
domains and are similar to ones present in nef of the 
acutely lethal pathogen SiVpbjl4. The YE variant of 
SiVmac239, unlike SiVmac239 but like SiVpbjl4, repii- 
cated well in resting peripheral blood mononuclear ceil 
cultures, caused extensive T lymphocyte activation, 
and produced an acute disease in rhesus and pig- 
talled monkeys characterized byseveredlarrhea, rash, 
and extenslve iymphold proliferation in the gastroln- 
testlnai tract. The YEnd gene transformed NIH 3T3 
ceils in culture. Both 239nef and YEnef were found to 
associate with src in cotransfected COS ceils, and both 
89 kDa src and 34 kDa nef were phosphorylated at 
tyroslne in these ceils. The extent of tyrosine phos- 
phoryiation of 239nef was considerably less than that 
of YEnef in these assays. These findings identify an 
important determinant of the SiVpbjl4 phenotype, and 
they provide evidence of a role for net in signal trans- 
duction and cellular activation. 
introduction 
Because the human immunodeficiency virus (HIV) and its 
simian counterpart (SIV) use the CD4 molecule as the 
initial receptor for entry into ceils, the CD4+ T lymphocyte 
is a major target of virus replication both in ceil culture 
and in vivo (Dalgieish et al., 1984; Klatzmann et al., 1984). 
While most lymphocytes in the blood are resting or mini- 
mally activated, HIV and SIV require activated CD4+ T 
lymphocytes for optimal replication (McDougai et al., 
1985). In fact, little or no replication of these viruses can 
be detected in cultures of resting lymphocytes or nonacti- 
vated peripheral blood mononuclear ceils (PBMCs). Cellu- 
lar activation increases both the pool size of nucleotides 
that are needed for viral DNA synthesis and the level of 
transcription factors such as NF-KB that are important for 
the transcription of proviral DNA (Zack et al., 1990; Nabel 
and Baltimore, 1987). 
The one exception to the general requirement of prior 
cellular activation for viral replication is a highly unusual 
*The first two authors contributed equally to this work. 
strain of SIV called SIVpbjl4. SIVpbj14 was originally iso- 
lated from a pig-tailed macaque monkey that had been 
experimentally infected with an SIV from a sooty manga- 
bey monkey (SIVsmm) (Fuitz et al., 1989). SiVpbj14 is 
unusual in that it is able to replicate well in resting PBMC 
cultures without any prior activation and is apparently able 
to do so by causing activation of the lymphocytes in these 
resting PBMC cultures (Fultz, 1991). SiVpbj14 also in- 
duces an unusually rapid and severe disease in pig-tailed 
macaques. Pig-tailed macaques experimentally infected 
with SlVpbjl4 develop acute diarrhea and rash and gener- 
ally die within 10 days with extensive lymphocyte prolif- 
eration that is especially prominent in gut-associated lym- 
phoid tissues (Fultz et al., 1989; Israel et al., 1993). While 
some work has been done to try to elucidate the factors 
responsible for the unusual phenotype of SiVpbj14 (No- 
vembre et al., 1993; Doiiard et al., 1994; Dittmar et al., 
1995), discrete genetic determinants have not been iden- 
tified. 
nef is one of the auxiliary genes of HIV and SIV that is 
not necessary for viral replication. While nef-deleted SIV 
can be grown readily in ceil cultures, it results in only a 
low level persistent infection in rhesus monkeys without 
causing declines in CD4 lymphocyte concentrations or dis- 
ease (Kestier et al., 1991). One effect of nef expression 
that is now generally agreed upon is the down-regulation 
of CD4 from the surface of the cell (Garcia and Miller, 
1991). Recently, Spina et al. (1994) and Miller et al. (1994) 
have described ceil culture assays in which resting PBMC 
cultures are first infected with virus and subsequently stim- 
ulated several days later; a phenotypic efl ect of nef on the 
level of virus replication has been observed under these 
ceil culture conditions. Proline-rich src homology 3 (SH3) 
binding sequences in HIV-1 nef have been shown to partic- 
ipate in binding to the tyrosine kinase hck in in vitro assays 
(Saksela et al., 1995). 
in the present report, we describe recreation of the 
SIVpbjl4 phenotype by the simple introduction of two 
amino acid changes in nef of SiVmac239. Furthermore, 
the variant nef gene was found to strongly transform NIH 
3T3 ceils. Our results suggest a natural role for nef in 
signal transduction and cellular activation. 
Results 
Sequence Comparison 
The infectious pathogenic molecular clone of SIVmac239 
causes a traditional AIDS-like syndrome in rhesus mon- 
keys with a median time to death of approximately 22 
months (Kestier et al., 1990; data not shown). We com- 
pared the sequence of the nef gene of SiVmac239 (Regier 
and Desrosiers, 1990) with that published for the acutely 
lethal pathogen SlVpbjl4 (Dewhurst et al., 1990). Since 
these strains are epidemiologically unrelated, numerous 
sequence differences are present across the full length of 
nef (Figure 1A). We noticed that sequence differences at 
positions 17 and 18 (RQ-+YE) were responsible for the 
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Figure 1. Comparison of Amino Acid Sequences of Nef from SIV- 
mac239 and SIVpbjl4 
(A) The entire nef amino acid sequence of SIVmac239 and SIVpbjl4. 
A dash indicates amino acid identity; a period indicates a gap in the 
sequence. 
(B) The 34 amino acid stretch (from residue 10 to 43) with YXXL and 
YXXS in bold type and preceding acidic residues underlined. Numbers 
indicate the position of the amino acid. 
(C)The nucleotide and amino acid changes in nef and gp41. Mutations 
in the DNA are indicated by underlined nucleotides, and changed 
amino acids in nef and gp41 are in bold type. The numbers indicate 
the position of nucleotides and amino acids. 
presence of an additional sequence motif in SIVpbj14 
(YERL) with the characteristics of an SH2 binding domain 
(Figure 1 B). SIVmac239 contains a translated sequence 
of SGDLRQRLLRARGETYGRLLGEVEDGYSQSP from 
residues 1343 in nef, while SlVpbjl4 contains a variant 
sequence over this same region of GGNL-LQAR- 
GETYYWEGLEGEYSQSQ. 
We used site-specific mutagenesis of SIVmac239 to 
change RQ to YE at nef positions 17 and 18 in infectious 
virus and in a nef expression cassette. Since this region of 
the nef gene overlaps the transmembrane protein coding 
region in env, the site-specific mutant of infectious virus 
also has two amino acid changes in the transmembrane 
protein (Figure 1C). 
Replication in Resting PBMC Cultures 
Resting PBMC cultures were prepared from healthy, SIV- 
rhesus monkeys. No mitogens or interleukin-2 (IL-2) were 
added to these cultures, and the vast majority of lympho- 
cytes present in them were small, resting, and negative 
for the activation/proliferation marker Ki-87 detected by 
the monoclonal antibody MIB-1 (see below). SIVmac239/ 
nef-open and the YE variant (SIVmac2391YEnef) were 
used to infect these resting PBMC cultures, and superna- 
tants were monitored for the production of virus. Little or 
no virus production was obsetved from the cultures that 
Figure 2. Replication of SIVmac239 and SIVmac239NEnef in Resting 
PBMCs 
Resting PBMCs were infected with virus containing 10 ng of p27 per 
108 cells. Virus production was monitored by p27 antigen assay of 
culture supernatants. Virus stocks were prepared from CEM x 174 
cells 10 days after transfection with viral plasmid DNA. Peripheral 
blood from two different rhesus monkeys, Mm166-91 and Mm18091, 
were used for the experiments shown. 
received SIVmac239/nef-open (Figure 2); peak values 
ranged from 0.9-2.5 rig/ml p27 antigen in different experi- 
ments. In contrast, the YE variant replicated extremely 
well in these resting PBMC cultures (Figure 2); peak virus 
production usually reached 30-80 @ml of p27 antigen. 
Similar differences in the levels of virus replication were 
observed in 8 of 8 independent experiments using resting 
PBMC cultures. Significant differences in the levels of vi- 
rus replication were not observed when SIVmac239/nef- 
open and SIVmac239/YEnef were compared in PBMC 
cultures that had been fully activated with phytohemag- 
glutinin (PHA) and grown in the presence of IL-2 (data not 
shown). 
Cytological and immunocytochemical examination of 
resting PBMC cultures that had received SIVmac239/nef- 
open 10 days earlier revealed 5%-15% monocytelmacro- 
phages and 85%-95% small lymphocytes. The lympho- 
cytes were uniformly CD2+ (Figure 3A) and negative for 
the proliferation marker MIB-1 (Figures 3G and 31). This 
was indistinguishable from similarly maintained cultures 
that received no virus (data not shown). In contrast, resting 
Figure 3. Photomicrographs of Resting PBMC Cultures Infected with SIVmac239/nef-open and SIVmac239NEnef 
Cells were immunostained forCD2 (A and B), SIV p27 antigen iC, D, E, and F), and Ki-67 nuclear proliferation antigen (G, H, I, and J). Cytocentrifuged 
cells 10 days after infection consisted primarily of CD2+ T lymphocytes (A and 8) and large CD66’ monocyte/macrophages (data not shown). The 
lymphocytes in the cultures infected with SIVmac239/YEnef (6, D, F, H, and J) varied in morphology, and many were considerably larger than 
the uniformly small lymphocytes in the cultures infected with SIVmac239 (A, C. E, G, and I). These large lymphocytes are morphologically compatible 
with lymphoblasts and were preferentially labeled by MIB-1 for the cellular proliferation marker Ki-67 (H and J) and SIV p27 (D and F). A mitotic 
figure reacting with MIB-I is shown in (J). In contrast with cultures infected with SIVmac239NEnef, no MIB-1’ cells (G and I) and very rare SIV 
p27-positive cells (O-l cells per cytospin [C and E]) were observed in cultures receiving SIVmac239. ABC technique with Mayer’s hematoxylin 
counterstain, x 300 (A and B), x 150 (C, D, G, and H), and x 360 (E, F, I, and J). 
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PBMC cultures that received SIVmac239NEnef 10 days 
earlier contained two populations of CD2+ lymphocytes: 
one that was small and negative for MI&l and a second 
population that was larger and MIB-1+ (Figures 39, 3H, 
and 3.)). This larger population of CD2+, MIB-1+ cells was 
compatible with lymphoblasts and accounted for lO%- 
20%1 of the cells. The numbers and staining of the mono- 
cytelmacrophages were indistinguishable between cul- 
tures infected with SIVmac239/nefopen and SIVmac2391 
YEnef (data not shown). 
Cytocentrifuged PBMCs were also examined for viral 
antigen by immunocytochemical staining for SIV ~27. 
Cultures that received SIVmac239/nef-open contained 
few if any SIV p27positive cells (Figures 3C and 3E), con- 
sistent with the lack of virus production in the supernatant 
as described above. In contrast, numerous SIV p27- 
positive cells were present in the cultures that received 
SIVmac239NEnef (Figures 3D and 3F), and these were 
confined almost exclusively to the larger lymphocytes that 
were CD2+ and MIB-1’. 
Since the introduced mutations also changed two amino 
acids in the transmembrane protein from AT to VR, we 
performed control experiments to determine whether the 
changes in nef were indeed responsible for the phenotype. 
A 182 bp deletion in unique nef sequences (base pairs 
9251-9432 in the SIVmac239 sequence [Regier and Des- 
rosiers, 19901) downstream of the transmembrane protein 
coding sequence of envwas combined with the4 bp substi- 
tution used for the above studies. This strain, which had 
the YE change in nef, the VR change in the transmem- 
brane protein, and the 182 bp deletion in unique nef se- 
quences, replicated poorly if at all in the resting PBMC 
cultures (data not shown). Thus, the YE change in nef is 
responsible for the phenotypic properties of SIVmac2391 
YEnef in cell culture. 
We next examined whether R-Y, Q-E, or both were 
required for the phenotypic effect. The full ability to repli- 
cate in resting PBMC cultures was conferred by the R+Y 
change alone (data not shown). Little or no effect of Q-E 
was observed (data not shown). 
MonocytelMacrophages Are Required 
We were intrigued by the clustering of lymphocytes around 
the macrophages in the SIVmac239NEnef-infected cell 
cultures (Figure 4) and by the fact that cells adhered very 
strongly to the surface of the culture vessel only in resting 
PBMC cultures that were infected with SIVmac239NEnef 
(data not shown). We thus investigated whether monocytel 
macrophages were required for the phenotypic effects of 
theYE mutation in resting PBMCcultures. Monocytelmac- 
rophages were depleted from rhesus monkey PBMCs us- 
ing immunobead separation, and depleted samples were 
cultured in parallel with aliquots of the same PBMCs from 
which monocytelmacrophages had not been depleted. 
Depletion of the macrophages greatly diminished the abil- 
ity of SIVmac239NEnef to replicate in these cultures (Fig- 
ure 5). lmmunocytochemical staining of the YE-infected 
’ macrophage-depleted cultures revealed rare SIV+ cells 
that were large lymphocytes clustered around the few 
monocytelmacrophages that had not been removed by 
the depletion (data not shown). Thus, while SIVmac239/ 
YEnef replicates predominantly in lymphocytes in these 
resting PBMC cultures, the presence of monocytelmacro- 
phages is required. 
We next asked whether cell-cell contact was required 
for the macrophage effect. Addition of lung alveolar macro- 
phagesfrom thesameanimal totheresting PBMCcultures 
from which blood monocyte/macrophages had been de- 
pleted was able to restore the high replicative capacity of 
SIVmac239/YEnef (Figure 6). When the monocytelmacro- 
phage-depleted PBMCs and alveolar macrophages were 
separated by a membrane filter, SIVmac239PIEnef lost 
its ability to replicate (Figure 6). Thus, cell-cell contact 
between monocytelmacrophages and lymphocytes ap- 
pears to be required for the ability of SIVmac239PIEnef 
to replicate well in these resting PBMC cultures. 
Infection of Macaque Monkeys 
Two rhesus monkeys and two pig-tailed monkeys were 
experimentally infected by intravenous inoculation of SIV- 
mac239NEnef. Like other strains of SlVsmmlSlVmacl 
Figure 4. Infection with SIVmac239NEnef Causes Cellular Adhesion 
Cultures infected with SIVmac239/nef-open (A) showed only rare small clusters of adherent lymphocytes and macrophages (H&E x 150) whereas 
SIVmac239NEnef-infected cultures (6) showed numerous large adherent clusters of lymphocytes and macrophages (H&E x 70). Nine days after 
infection. 
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Figure 5. Replication of SIVmac239 and SIVmac239NEnef in Mono- 
cyte Depleted PBMCs 
Monocytelmacrophages were removed from rhesus PBMCe with mag- 
netic beads coated with anti-human CD1 4 monoclonal antibody (-M+). 
Infection of cells and measurement of virus production were performed 
as described in Figure 2. 
HIV-2, SIVmac239 contains a single NF-kB-binding ele- 
ment in its long terminal repeat (LTR). Since SIVpbj14 
contains a duplication of the NF-KB element (Dewhurst 
et al., 1990; Dollard et al., 1994), we also experimentally 
infected two rhesus monkeys and two pig-tailed monkeys 
with SIVmac239NEnef containing a duplicated NF-KB el- 
ement. The majority of inoculated monkeys developed di- 
arrhea (7 of 8) and a generalized maculopapular rash (5 
of 8), and all became lethargic within 8 days of infection. 
Neither the species of macaque infected nor the presence 
of a second NF-KB-binding element in the LTR had any 
significant effect on the disease course. While a maculo- 
papular rash frequently occurs in rhesus macaques in- 
fected with SIVmac239/nef-open, the severity and rapidity 
of onset of the maculopapular rash, as well as the acute 
onset of diarrhea and lethargy, have not been observed 
with SIVmac239. 
At the peak of clinical signs (day 9), two of the macaques 
were sacrificed and complete pathological examinations 
were performed. Florid pathological lesions in the gastro- 
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Figure 6. Ceil-Ceil Contact between Lymphocytes and Macrophages 
Is Required for Replication of SIVmac239NEnef in Resting PBMC 
Cultures 
Alveolar macrophages were added to monocyte-depleted PBMCs 
(PBMC+Lavage) from the same animal. These cells were infected with 
either SIVmac239 or SIVmac239/YEnef. PBMCllavage indicates the 
use of transwells (Costar Corporation, Cambridge, MA) to keep alveo- 
lar macrophages from contacting monocyte-depleted PBMCs in the 
Same tissue culture well. SIVmac239MER that replicates to high titer 
in macrophages (Mori et al., 1992) was used as positive control. Infec- 
tion of cells and measurement of virus production were performed as 
described in Figure 2. 
intestinal tract were similar in distribution and character 
in both animals and varied only in the intensity of cellular 
infiltrates. These lesions were strikingly similar to those 
described for SlVpbjlCinfected pig-tailed macaques (Is- 
rael et al., 1993; Fultz and Zack, 1994). Gross lesions were 
restricted to the hemolymphatic system and integument 
and included lymphadenopathy, splenomegaly, marked 
enlargement of the mesenteric lymph nodes and gut- 
associated lymphoid tissue (GALT), and generalized mac- 
ulopapular rash. The most severely affected areas were 
the distal ileum, cecum, and colon, which had multifocal 
areas of hyperemic and hemorrhagic mucosa (3-5 mm in 
diameter) overlying hyperplastic GALT. 
Histopathological examination of peripheral and mesen- 
teric lymph nodes showed moderate to severe diffuse 
lymphoid hyperplasia in the paracortex (T cell areas) with 
marked infiltration of the cortical and medullary sinuses 
with lymphocytes, lymphoblasts, and monocytelmacro- 
phages and rare multinucleate syncytia. In contrast with 
the paracortex, the cortex of lymph nodes was character- 
ized by involution of lymphoid follicles with hyalinized con- 
densed germinal centers and indistinct mantle zones. 
Severe diffuse hyperplasia of GALT was present in the 
gastrointestinal tract. As in the lymph nodes, the hyperpla- 
sia was limited to T cell zones with expansion into adjacent 
submucosa. The lamina propria and submucosa sur- 
rounding the hyperplastic GALT were markedly thickened 
by cellular infiltrates admixed with abundant edema, fibrin, 
and hemorrhage. 
The mucosa overlying these areas was characterized 
by severe blunting and fusion of villi with marked crypt 
cell hyperplasia and focal crypt abscesses. In addition, 
multifocal areas of erosion and apparent vesicle formation 
with separation of the overlying enterocytes from the basal 
lamina were observed. While these lesions have all been 
described in pig-tailed macaques infected with SIVpbj14, 
we also observed additional lesions. Among these were 
germinal centers in GALT that were expanded by hemor- 
rhage, edema, and numerous syncytial cells and marked 
dilation of central lacteals and submucosal lymphatics 
partially to completely filled with lymphocytes and lympho- 
blasts. 
Transformation of NIH 3T3 Cells 
Retroviral vectors were constructed that are capable of 
expressing nef of the parental SIVmac239 and the YE 
variant of nef. These vectors were shown to express nef 
at comparable levels in stable NIH 3T3 cell lines (data 
not shown). Surprisingly, expression of YEnef resulted in 
strong transformation of NIH 3T3 cells. In 10% fetal calf 
serum, cells that received the YEnef construct formed 
many foci of deeply piled up cells (Figure 7). Even in 0.1% 
serum, YEnef cells survived, continued to divide, and still 
formed transformed foci (Figure 7). Control NIH 3T3 cells 
did not form such foci in 10% serum, and they did not 
survive shift to 0.1% serum (Figure 7). NIH 3T3 cells ex- 
pressing the parental nef showed some morphological ef- 
fects, but they did not form the dramatic foci seen with 
YEnef and did not survive shift to 0.1% serum (Figure 7). 
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Figure 7. Transformation of NIH 313 Cells with pLXSN-YEnef 
Phase contrast photomicrographs of NIH 3T3 control cells (3T3), pLXSN-239nef-transformed (3T3-NefJ and pLXSN-YEnef-transformed (3T5Nef 
YE) NIH 3T3 cells cultured in the presence of 0.1% fetal calf serum (0.1%) or 10% fetal calf serum (10%). Lower panel shows methylene blue- 
stained dishes. 
Tyrosine Phosphorylation of YEnef and 239nef 
YEnef and 239nef were cloned into pFJ vector and 
transfected into COSl cells either alone or together with 
src tyrosine kinase or platelet-derived growth factor recep- 
tor (PDGFR) tyrosine kinase. After transfection, proteins 
present in whole-cell extracts were separated by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) and re- 
acted with anti-phosphotyrosine antibody. A tyrosine- 
phosphotylated protein of 34 kDa, which is the same size 
as nef, was detected only from COSl cells cotransfected 
with nef-expressing vectors and pFJ-src (Figure 8A). This 
protein was not detected from cells transfected with nef- 
expressing vectors alone or together with pFJ-PDGFR. 
Additionally, tyrosine phosphorylation of 34 kDa protein 
from cells expressing YEnef was more extensive than that 
from cells expressing 239nef (Figure 8A, lanes 5 and 8). 
To obtain evidence that the tyrosine-phosphorylated 34 
kDa protein was indeed nef, polypeptides in anti-nef im- 
mune complexes were separated by SDS-PAGE, trans- 
ferred to membrane filter, and reacted with anti-phospho- 
tyrosine antibody. The anti-phosphotyrosine antibody 
detected the 34 kDa protein in nef immune complexes 
only from cells cotransfected with nef-expressing vectors 
and pFJ-src (Figure 86, lanes 5 and 8). Again’tyrosine 
phosphorylation of nef proteins was not detected from 
cells transfected with nef-expressing vectors alone or to- 
gether with pFJ-PDGFR. Similar amounts of 239nef and 
YEnef were precipitated by anti-nef antibody in these ex- 
periments (bottom of Figure 8B). The 34 kDa tyrosine- 
phosphorylated protein was shown to be nef in the con- 
verse experiment when anti-phosphotyrosine immune 
complexes were immunoblotted with anti-nef antibody 
(Figure 8C). Finally, when pFJ vector expressing a gluta- 
thione S-transferase (GST)-YEneffusion gene was used, 
a 58 kDa tyrosine-phosphorylated protein was detected 
only in the presence of src; 58 kDa is the size of GST- 
YEnef based on immunoblot detection with anti-nef anti- 
body (data not shown). Thus, 239nef and YEnef proteins 
were found to associate with src in cotransfected COS 
cells, and both were phosphorylated on tyrosine in these 
experiments. Tyrosine phosphorylation of YEnef was 
more extensive than that of 239nef. These results demon- 
strate that src family kinases are able to phosphorylate 
nef on tyrosine. 
Discussion 
Src family tyrosine kinases identify their cellular partners 
and recognize their substrates to a large extent through 
specific sequence elements called SH2 and SH3 domains 
(for reviews see Cohen et al., 1995; Pawson, 1995). SH3 
domains bind to proline-rich repeats often of the type 
PXXP. SH2 domains bind to phosphorylated tyrosine often 
in the sequence YXXZ, in which Y is tyrosine and 2 is 
leucine or other similar nonpolar amino acid (Songyang 
et al., 1993). The phosphorylated tyrosine in these SH2 
binding domains is often immediately preceded by a hy- 
drophobic and/or acidic residue(s) (Songyang et al., 1995). 
The activation motifs of the B cell and T cell antigen recep- 
tors contain two or more YXXL sequences separated by 
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seven amino acids that are recognized by the first tyrosine 
kinase in the signal transduction cascade (for reviews see 
Chan et al., 1994; Cambier et al., 1994). 
SIVmac239 nef contains a YGRL sequence with fea- 
turesof an SH2 binding domain, and this is followed seven 
amino acids downstream by YSQS (Figure 16). The YGRL 
sequence is preceded by a threonine and the acidic glu- 
tamic acid. The YSQS sequence has aspartic and glu- 
tamic acids preceding it. The RQ--YE difference between 
SIVmac239 and SIVpbjl4 results in a YERL putative SH2 
binding domain that is not present in SIVmac239 (Figure 
16). The YERL is seven amino acids upstream of YGRL 
(Figure 16). 
Changing RQ to YE at positions 17 and 18 of nef of 
SIVmac239 results in a virus that is able to replicate in 
lymphocytes of PBMC cultures without prior lymphocyte 
activation, that itself causes lymphocyte activation in 
PBMC cultures, that produces an acute clinical disease in 
rhesus and pig-tailed monkeys, and that causes extensive 
lymphoid proliferation that is especially prominent in the 
gastrointestinal tract. Furthermore, YEnef strongly trans- 
forms NIH 3T3 cells in culture. These results provide 
strong evidence for a role for YEnef in causing cellular 
activation. The creation of a putative SH2 binding domain 
by the YE mutation, association with src, demonstration 
of tyrosine phosphorylation, and other findings discussed 
below suggest that cellular activation caused by YEnef 
results from activation of signal transduction pathways. 
Any model for lymphocyte activation by YEnef must take 
into account the requirement for monocytelmacrophages. 
The parental strain used for our studies, SIVmac239, is 
able to enter macrophages but replicates poorly in them 
(Mori et al., 1992, 1993). Consistent with this, little or no 
SIV antigen was detected in monocytelmacrophages in 
the resting PBMC cultures infected with either SIV- 
mac239/nefopen or SIVmac239/YEnef. However, SIV- 
mac239NEnef could conceivably induce the expression 
of adhesion or stimulatory molecules on the surface of 
monocytelmacrophages and the release of cytokines. The 
clustering of lymphocytes around macrophages and the 
strong adherence of cells to the surface of the culture 
vessel in cultures receiving SIVmac239NEnef are consis- 
tent with the induction of adhesion molecules. We have 
also measured increased production of certain cytokines 
YEnet - - - + + + - - - 
239nef - - - - - - + + + 
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Figure 8. Tyrosine Phosphorylation of 239nef and YEnef in the Pres- 
ence of the Tyrosine Kinase Src 
COSl cells were transfected with a total of 10 pg of expression plasmid 
using the vector pFJ for normalization; the plasmids used (pFJ-YEnef, 
pFJ-239nef, pFJ-PDGFR, and pFJ-src) are indicated at the bottom of 
each figure. 
(A) Tyrosine phosphorylation of a 34 kDa protein in the presence of 
nef and src in whole-cell lysates. Comparable amounts of cell extract 
were separated by SDS-PAGE, transferred to membrane filter, and 
probed with anti-phosphotyrosine antibody. 
(B)Tyrosine phosphotylation and association of 239nef and YEnef with 
src. Nef immune complexes were precipitated with anti-nef antibody, 
separated by SDS-PAGE, and transferred to membrane filter. Immu- 
noblotted proteins were reacted with anti-phosphotyrosine antibody. 
Lower panel shows the same filter reprobed with anti-AU-l antibody 
to detect AU-l-tagged nef. 
(C) Nef proteins in phosphotyrosine immune complexes. Tyrosine- 
phosphorylated proteins were immunoprecipitated from cell lysates 
using anti-phosphotyrosine antibody, separated by SDS-PAGE, and 
transferred to membrane filter: nef proteins were detected by immu- 
noblot using anti-nef rabbit serum. Proteins detected around 70 kDa 
correspond to the mouse immunoglobulin heavy chain used in immu- 
noprecipitation. 
I.P., immunoprecipitation; I.B., immunoblot; nef, anti-nef antiserum; 
P-Y, anti-phosphotyrosine antibody. Symbols indicate the location of 
PDGFR, src, and nef proteins. Molecular weight markers are indicated 
on the right. 
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resulting from SIVmac239NEnef infection (Z. D., unpub- 
lished data). The presence of stimulatory or costimulatory 
molecules on the surface of SIVmac239NEnef-infected 
macrophages and the presence of cytokines released into 
the medium could cause sufficient activation of T lympho- 
cytes to allow SIV replication in them. Alternatively, YEnef 
may be expressed at low levels in resting lymphocytes 
(Spina et al., 1995) and this may result in increased activa- 
tion of these lymphocytes. By this scenario, monocytel 
macrophages would be needed to provide costimulatory 
signals. 
A number of previous studies have also implicated nef 
in altering signal transduction pathways and increasing 
the state of T cell activation. Skowronski et al. (1993) have 
convincingly shown increased T cell activation in transgenic 
mice expressing HIV-1 nef. Increased cellular activation 
has also been associated with the expression of CDB-nef 
chimeras in cultured cell lines (Baur et al., 1994). Cellular 
serine/threonine protein kinase activity has been found 
specifically associated with HIV-1 nef (Sawai et al., 1995) 
and SIV nef (S. M. L. et al., 1995, Washington Conference 
on Human Retroviruses, abstract) in immunoprecipitates. 
Down-regulation of surface CD4 by nef could conceivably 
result from nef-induced T cell activation events, since it 
is known that natural major histocompatibility complex 
(MHC)-peptide stimulation of CD4+ T lymphocytes causes 
CD4 down-regulation (Acres et al., 1988). 
We feel that the properties of YEnef are likely to be an 
exaggerated reflection of what natural nef is fundamen- 
tally doing. A simple change of two amino acids may 
change the affinity, efficiency, or substrate specificity of a 
protein, but it would notordinarilychange in afundamental 
way what the protein does. Association of the parental 
239nef with src and a lower level of tyrosine phosphoryla- 
tion with 239nef are consistent with this hypothesis. Our 
results thus suggest a fundamental role for nef in altering 
signal transduction pathways and in increasing the state 
of cellular activation. 
HIV-1 nef contains three repeats of a PXXP motif in its 
central region that resembles a proline-rich binding se- 
quence for SH3 domains. Saksela et al. (1995) have shown 
that these sequences participate in nef binding in vitro to 
the src family tyrosine kinase hck and that these se- 
quences are important for virus replication in an assay that 
employs virus infection of resting PBMC cultures followed 
subsequently by lymphocyte activation. SIV nef generally 
contains one or two PXXP motifs in the corresponding 
region. We describe here at least one putative SH2 binding 
domain in SIVmac239 nef and an additional one in 
SIVpbj14 and the YE variant of SIVmac239. These se- 
quences occur near the amino terminus of SlVmac nef, 
which has no corresponding sequence in HIV-1 nef. How- 
ever, HIV-1 nef does contain a tyrosine-rich region in the 
central portion of the molecule with five tyrosines-over a 
29 amino acid stretch. Better assays to score nef-induced 
lymphocyte activation and further resolution of the bio- 
chemical details will be needed to elucidate the roles of 
HIV-1 nef and SIV nef in lymphocyte activation. 
Experimental Procedures 
Site-Specific Mutagenesis 
A subcione of SiVmac239 containing base pairs 8072-9231 of the 
viral genome (Regier and Desrosiers, 1990) was used for site-specific 
mutagenesis. To create YE at amino acid positions 17 and 18 in nef, 
two oiigonucieotides with partial overlap at their 5’termini were synthe- 
sized with aCyclone DNAsynthesizer (MiliiGenlBiosearch, Burlington, 
MA). The sequences of the oiigonucieotides are SiVmac239 9116- 
9150 5GGAGATCTGTACGAGAGACTCTTGCGGGCGCGTGG-3‘ and 
antisense 9138-9104 5’-AAGAGTCTCTCGTACAGATCTCCAGACG- 
GCCTGGA-3’. Modified R-PCR (Du et al., 1995) was employed to 
create the YE mutation in the nef open reading frame of SiVmac239. 
The subcione that was used contained only the desired changes and 
no off-site mutations by DNA sequence analysis. Site-specific muta- 
genesis for the creations of individual R-Y and 0-E mutants was 
performed similarly. 
Site-specific mutagenesis was also used to create a duplication of 
the NF-xB-binding element in the U3 region of the LTR of SiVmac239/ 
YEnef. The duplication was introduced into both the left and right 
LTRs. The seauence in the reaion of the duoiicated NF-x&bindina 
site is CAGCAGGGACTTTCCACAAAGACAGCAGGGACTTTCC~ 
CAA. DNA sequence analysis confirmed the absence of any off-site 
CdiS 
CEM x 174 ceils were maintained in RPMI 1640 medium suppie- 
mented with 10% fetal calf serum. COSI ceils were grown in Duibec- 
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal 
calf serum. 
Rhesus monkey PBMCs were isolated from heparin-treated blood 
using lymphocyte separation medium (Organon Teknika Corporation, 
Durham, NC). The isolated PBMCs (1 x 10ceiis per ml) were directly 
infected with virus without addition of PHA or IL-2. We used 10 ng of 
p27-containing virus per IQ ceils for each infection. Residual virus 
was removed by washing ceils 14-24 hr after initial infection. 
Alveolar macrophages were obtained by bronchoaiveolar iavage 
from healthy rhesus macaques that were seronegative for BIV, type 
D retrovirus, and simian foamy virus. These cells were maintained in 
RPM 1640 medium that was supplemented with 10% fetal calf serum, 
5% human AB serum (Mori et al., 1992, 1993). 
Preperation of Virus Stocks 
CEM x 174 ceils were transfected with 3 pg of either SiVmac239/ 
nef-open or SiVmac239PIEnef piasmid DNA by a DEAE-dextran pro- 
cedure (Naidu et al., 1988). The medium was changed every 3 days, 
and the supernatants were harvested on day 10. Cells and debris were 
deposited bycentrifugation at 2000 x gfor 10 min, and virus contained 
in the supernatant was stored in aliquots at -8OOC. The concentration 
of p27antigen was measured by antigen captureassay (Coulter Corpo- 
ration, Hiaieah. FL). 
Depletion of Monocyte/Macropheges from PBMCs 
Magnetic beads (Dynabeads M-450, Dynai, incorporation, Lake Suc- 
cess, NY) coated with monoclonai antibody that reacts with human 
CD14 antigen were used to remove monocyte/macrophages from rhe- 
sus PBMCs. In brief, PBMCs (10 x 16-20 x 106celis per ml) isolated 
by lymphocyte separation medium were mixed with the magnetic 
beads (20 x 10 Dynabeads CD14 per ml of ceils) and incubated 
for 45 min at 4OC with gentle tilting. MonocyteImacrophages were 
separated from the lymphocytes with the use of a magnet according 
to the recommendations of the manufacturer. This procedure was re- 
peated twice to allow efficient depletion of the monocyte/macro 
phages. Depletion of monocyte/macrophages wasconfirmed by immu- 
nocytochemicai staining using monocionai antibody to CD68. 
Immunocytochemistty 
immunocytochemicai labeling was performed in duplicate as pre- 
viously described (iiyinskii et al., 1994) on cytocentrifuged PBMC cui- 
tures infected with either SiVmac239 or SIVmac239IYEnef. In brief, 
C&krlar Activation by Nef 
cytocentrifuged PBMCs were fixed in 2% paraformaldehyde for 10 
min at 4OC and immunostained using an avidin-biotin-horseradish 
peroxidase complex (ABC) technique with diaminobenzidine as the 
chromogen. The primary antibodies used were CD2 (T1113Pt2H9, 
Coulter Immunology, Hiateah, FL), which labels T cells, CD68 (EBM- 
11, Dako Corporation, Carpinteria, CA), which is specific for monocyte/ 
macrophages. Rl C7 (A. A. Minassian and M. Popovic, National Insti- 
tutes of Health, Bethesda, MD), which recognizes SIV ~27, and MIB-1 
(Immunotech, Incorporated, Westbrook, ME). MIB1 is specific for the 
KM7 nuclear antigen that is present in proliferating cells throughout 
the cell cycle (Gl, S, 62, and M phases) but is absent in resting (GO) 
cells (Barbareschi et al., 1994; Landberg et al., 1990). 
As negative controls, duplicate slides of cytocentrifuged PBMCs 
were processed identically using equivalent concentrations of irrele- 
vant primary antibodies of the same isotope. The percentage of posi- 
tive cells for each antibody was estimated by counting the number of 
positive cells and the total number of cells present in four high power 
(40x) microsope fields. 
Construction of Expresslon Plaamids 
Thenefopen reading frame of SIVmac239was amplified by PCR using 
the I’primer SLI (S-CGGAAlTCATGGGTGGAGCTATlTCCA-3’) and 
3’ primers SL2 (5’CGGGATCCTCAGCGAGTtTCCTTClTG) or SL34 
(S-CGGGATCCTTATATATAGCGATAGGTGTCGCGAGmCC- 
lTG-3’). which introduced unique restrictions sites for EcoRl and 
BarnHI. The nef open reading frame of SIVmac239MEnef was ampli- 
fied similarly with SLl and the 3’ primer SL34. In addition to creating 
a unique restriction site for BamHI, PCR amplification with SL34 results 
in fusion of the AU-l peptide tag to the C-terminus of nef. Using the two 
restriction enzyme sites, the nefgenes were cloned into the expression 
vector pFJ (Jung et al., 1995) and the retroviral vector pLXSN. Nef 
sequences were confirmed by sequencing of the whole open reading 
frame. For glutathione S-transferase (GST) fusion protein expression, 
nefopen reading frames were subcloned into the vector pGEX; subse- 
quently Sspl fragments of the pGEX derivatives were introduced into 
pFJ for eukaryotic GST-nef expression. For transient expression of 
src, Ick, and PDGFR type 8, open reading frames were cloned into 
pFJ vector. 
NIH 313 Coil Transformatlon 
For retroviral packaging, pLXSN-239nef and pLXSN-YEnef were 
transfected into the amphotropic packaging cell line PA317 (obtained 
from ATCC) and stable cell lines were selected using 0.5 mg/ml G418 
(GIBCO BRL, Life Science, Gaithersburg, MD). Cell culture superna- 
tants were used to infect NIH 3T3 cells, and nef expressing cell lines 
were selected in the presence of 0.5 mg/ml 6418. 
NIH 3T3-239nef and NIH 3T3-YEnef cell lines were plated on IO 
cm dishes at a density of 5 x 10’ cells per ml in DMEM with 10% 
fetal calf serum. After 12 hr, dishes were washed three times with 
serum-free DMEM and cultured in the presence of O.l%, 0.2%, 0.5%, 
or 10% fetal calf serum. For focus-forming assays, cells were fixed 
with 5% formaldehyde in phosphate-buffered saline and stained with 
methylene blue after 10 days. 
tmmunoprecipitatlon and lmmunoblot 
Transfected COSl cells were harvested 48-80 hr after transfection 
and lysed with lysis buffer (0.5% Nonidet P-40, 0.15 M NaCI, and 50 
mM HEPES buffer [pH 7.51) containing 2 mM NaV03, 10 mM NaF, 1 
mM PMSF, 1 pglml leupeptin, 1% aprotinin (Sigma Chemicals, St. 
Louis, MO). Cell lysates were cleared by centrifugation at 4OC for 
30 min. lmmunoprecipitation was performed using 5 pg of purified 
anti-phosphotyrosine 4610 or 1.5 pl of anti-nef polyclonal antiserum 
raised against purified )3galactosidase-nef fusion protein in rabbits. 
Immune complexes were recovered by binding to protein A-agarose 
(Santa Cruz Biotechnology, Santa Cruz, CA) GST-fusion proteins 
were recovered using preequilibrated glutathione-Sepharose (Phar- 
macia, Piscataway, NJ). After three washes with lysis buffer and one 
wash with 10 mM Tris (pH 8.0) immunoprecipitated proteins were 
separated by SDS-PAGE and transferred to lmmobilon membrane 
filters (Millipore. Bedford, MA). lmmunoblot detection was performed 
with a 1:lOOO dilution of anti-nef rabbit serum, 1:3000 of anti-AU-l 
antibody, 1 :lO,OOOof anti-phosphotyrosine antibody and developed as 
described by the manufacturer of the enhanced chemiluminescence 
system (ECL; Amersham, Chicago, IL). 
Infection of Rhesus Monkeys 
Rhesus monkeys and pig-tailed monkeys were experimentally infected 
by intravenous inoculation of SIVmac239NEnef containing 319 ng of 
p27 or SIVmac239rYEnef with two NF-v&binding sites containing 870 
ng of p27 produced by transfection of CEM x 174 cells. The animals 
were negative for antibodies to type D retrovirus, simian T-lymphotropic 
virus type 1 (STLV-I), and SIV at the start of the experiment. All experi- 
mental animals were housed in accordance with guidelines set by the 
Committee on Animals of Harvard Medical School and by the Commit- 
tee on the care and use of laboratory animals. 
At 9 days postinoculation. one rhesus monkey and one pig-tailed 
monkey with the most severe clinical signs were killed by intravenous 
overdose of sodium pentobarbital. Tissue specimens obtained from 
theseanimalsat necropsywere fixed in 10% neutral buffered formalin, 
embedded in paraffin, sectioned at 6 urn, and stained with hematoxylin 
and eosin for histopathological examination. 
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